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Abstract
We discuss phenomenology of the radiative seesaw model in which spontaneous breaking of the
U(1)B−L gauge symmetry at the TeV scale gives the common origin for masses of neutrinos and
dark matter [1]. In this model, the stability of dark matter is realized by the global U(1)DM
symmetry which arises by the B−L charge assignment. Right-handed neutrinos obtain TeV scale
Majorana masses at the tree level. Dirac masses of neutrinos are generated via one-loop diagrams.
Consequently, tiny neutrino masses are generated at the two-loop level by the seesaw mechanism.
This model gives characteristic predictions, such as light decayable right-handed neutrinos, Dirac
fermion dark matter and an extra heavy vector boson. These new particles would be accessible at
collider experiments because their masses are at the TeV scale. The U(1)B−L vector boson may
be found at the LHC, while the other new particles could only be tested at future linear colliders.
We find that the dark matter can be observed at a linear collider with
√
s=500 GeV and that light
right-handed neutrinos can also be probed with
√
s=1 TeV.
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I. INTRODUCTION
The standard model of elementary particle physics (SM) is a very successful model which
explains O(100) GeV physics. However, we must consider beyond the SM because several
phenomena such as neutrino oscillation [2–7], dark matter (DM) [8, 9] and baryon asymmetry
of Universe [10] cannot be explained by the SM.
The neutrino oscillation can be explained by tiny neutrino masses. The simplest method
to obtain these masses is the seesaw mechanism [11] with right-handed Majorana neutri-
nos (the type-I seesaw scenario). In this mechanism, right-handed neutrino masses are
O(1015) GeV for O(1) neutrino Dirac Yukawa couplings. However, these heavy right-handed
neutrinos would be difficult to detected at future experiments. On the other hand, if tiny
neutrino masses are generated at the loop level, new particle masses can be O(1) TeV with
sizable coupling constants. Moreover, this mechanism is often applied to the models with
the Z2 parity or an U(1) symmetry to forbid tree-level neutrino masses and to guarantee the
stability of dark matter [1, 12–25]. If dark matter is a Weakly Interacting Massive Particle
(WIMP), its mass is naively estimated to be of O(100-1000) GeV by the WMAP data [9].
Such a mass scale for the dark matter may be naturally generated by the vacuum expec-
tation value with respect to the spontaneous break down at the TeV-scale of an additional
gauge symmetry.
Let us consider the radiative seesaw model in which spontaneous breaking of the U(1)B−L
gauge symmetry at the TeV scale gives the common origin for masses of neutrinos and dark
matter [1]. In this model, the stability of dark matter is realized by the global U(1)DM
symmetry which arises by B−L charge assignment. In this model, right-handed neutrinos
obtain TeV-scale Majorana masses at the tree level, while Dirac masses of neutrinos are
generated via one-loop diagrams where the dark matter is running in the loop. Consequently,
tiny neutrino masses are generated at the two-loop level by the seesaw mechanism. This
model gives characteristic predictions, such as light decayable right-handed neutrinos, Dirac
fermion WIMP dark matter and an extra heavy vector boson with the mass to be the TeV
scale. These new particles would be accessible at collider experiments so that the model
would be testable. For example, the LHC may be able to detect the U(1)B−L gauge boson
(Z ′) with the mass up to about 4 TeV with the U(1)B−L gauge coupling constant about
0.1 [29]. However, it would be challenging to test the other new particles in this model at
the LHC unless the Z ′ boson is sufficiently light, because they only couple to the Z ′ boson
and leptons so that their discovery strongly depends on the mass of the Z ′ boson.
In this paper, we discuss a possibility of testing this model at future electron-positron
linear colliders [30, 31]. Differently from the hadron collider, new Dirac fermions can be
produced directly from the e+e− collision, whose sequential decays can contain production
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Particles s0 η ΨRi ΨLi νRi σ
0
SU(3)C 1 1 1 1 1 1
SU(2)L 1 2 1 1 1 1
U(1)Y 0 1/2 0 0 0 0
U(1)B−L 1/2 1/2 −1/2 3/2 1 2
TABLE I: New particles and their quantum charges.
of right-handed neutrinos with the dark matter. The dark matter can also be directly
produced in association with charged inert scalar bosons from leptons. We find that for the
center-of-mass energy being
√
s = 350 GeV with the integrated luminosity of 1 ab−1, the
Dirac fermion dark matter can be detected as long as its mass is less than about 64 GeV. For
the center-of-mass energy
√
s = 500 GeV with the same luminosity, the dark matter with
the mass of O(100) GeV can be detected. Moreover, at the linear collider with √s = 1 TeV
with 3 ab−1 right-handed neutrinos can be tested. Therefore, this model can be identified
by the combination of these future experiments.
This paper is organized as follows. In the next section, we introduce the radiative type-I
seesaw model. We discuss prospect at the LHC in Sec.3 and the ILC in Sec.4. Conclusions
are given in Sec.5.
II. THE RADIATIVE TYPE-I SEESAW MODEL
We consider the TeV-scale seesaw model which explains tiny neutrino masses, the dark
matter mass and the stability of the dark matter via the U(1)B−L gauge symmetry break-
ing [1]. New particles and their gauge charges are shown in Table I. Here, s0, η and σ0 are
complex scalar fields while νRi,ΨRi and ΨLi (i = 1,2) are Wely fermions. This model has
U(1)B−L anomalies but those anomalies can be cancelled by new fermions whose masses are
larger than O(10) TeV.
Yukawa interactions are given by
LYukawa = LSM-Yukawa − yRi (νRi)c νRi (σ0)∗ − yΨi ΨRiΨLi (σ0)∗
− (y3)ij (νRi)cΨRj (s0)∗ − hij ΨLi νRj s0
− fℓi LLℓΨRi iσ2 η∗ + h.c.,
(1)
where LSM-Yukawa denotes Yukawa interactions of the SM and LLℓ is the left-handed lepton
doublet of ℓ (ℓ = e, µ, τ) flavor. Masses of νR,ΨR and ΨL are forbidden by the U(1)B−L
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gauge symmetry. We take a basis where Yukawa matrices yR and yΨ are diagonalized such
that their real positive eigenvalues satisfy yR1 ≤ yR2 and yΨ1 ≤ yΨ2 .
Scalar potential is given by
V (Φ, s.η, σ) = −µ2φΦ†Φ+ µ2s|s0|2 + µ2ηη†η − µ2σ|σ0|2
+ λφ
(
Φ†Φ
)2
+ λs|s0|4 + λη
(
η†η
)2
+ λσ|σ0|4
+ λsη|s0|2η†η + λsφ|s0|2Φ†Φ + λφφ(η†η)(Φ†Φ) + ληφ(η†Φ)(Φ†η)
+ λsσ|s0|2|σ0|2 + λση|σ0|2η†η + λσφ|σ0|2Φ†Φ +
(
µ3 s
0 η†Φ + h.c.
)
,
(2)
where Φ is the SM Higgs doublet field and µ2φ, µ
2
σ, µ
2
s, and µ
2
η are positive values. In our
model, there appears global U(1) symmetry (we name it the U(1)DM) under which s
0, η,ΨRi
and ΨLi have the same charge. The U(1)DM symmetry stabilizes the dark matter. After the
breakings of the U(1)B−L and electroweak symmetries, σ
0 and φ0 obtain vevs vσ [=
√
2〈σ0〉]
and v [=
√
2〈φ0〉 ≃ 246GeV], respectively. The U(1)B−L gauge boson Z ′ acquires its mass
as mZ′ = 2gB−Lvσ, where gB−L denotes the gauge coupling constant of the U(1)B−L.
Right-handed neutrinos νRi obtain Majorana masses MRi [=
√
2yRivσ] while ΨRi and ΨLi
for each i become a Dirac fermion Ψi with its mass MΨi [= yΨivσ/
√
2]. Since the global
U(1)DM is not broken by vσ, the lightest U(1)DM -charged particle is stable. We assume Ψ1
to be lightest U(1)DM particle and it becomes a candidate for the dark matter.
After symmetry breaking with vσ and v, mass eigenstates of two CP-even scalars and
their mixing angle α are given by(
h0
H0
)
=
(
cosα − sinα
sinα cosα
)(
φ0r
σ0r
)
, sin 2α =
2λσφvvσ
m2
H0
−m2
h0
, (3)
where σ0 = (vσ + σ
0
r + izσ)/
√
2 and φ0 = (v + φ0r + izφ)/
√
2, and zφ and zσ are Nambu-
Goldstone bosons absorbed by Z and Z ′, respectively. Masses of h0 and H0 are defined
by
m2h0 = λφv
2 + λσv
2
σ −
√
(λφv2 − λσv2σ)2 + λ2σφv2v2σ ,
m2H0 = λφv
2 + λσv
2
σ +
√
(λφv2 − λσv2σ)2 + λ2σφv2v2σ . (4)
On the other hand, since s0 and η0 are U(1)DM -charged particles, they are not mixed with
σ0 and φ0. Mass eigenstates of these U(1)DM -charged scalars and their mixing angle θ are
obtained as (
s01
s02
)
=
(
cos θ − sin θ
sin θ cos θ
)(
η0
s0
)
, sin 2θ =
√
2µ3v
m2
s0
2
−m2
s0
1
. (5)
4
fℓi


0.0757 0.0445
0.01 −0.0123
−0.141 −0.0101


hij

−0.131 0.1
0.1 0.1


(y3)ij

0.0152 0.0152
0.0152 0.0152


MR ≡MR1 =MR2 250 GeV
{MΨ1 , MΨ2} {57.5 GeV, 800 GeV}
{m
h0
, m
H0
, cosα} {125 GeV, 130 GeV, 1/√2}
{ms0
1
, ms0
2
, cos θ} {200 GeV, 300 GeV, 0.05}
mη± 280 GeV
gB−L 0.1
mZ′ 4000 GeV
TABLE II: The parameter set which satisfies current experimental bounds. Our analysis is insen-
sitive to the Higgs boson masses m
h0
and m
H0
.
Mass eigenvalues ms0
1
and ms0
2
of these neutral complex scalars are defined by
m2s0
1
=
1
2
(
m2η +m
2
s −
√(
m2η −m2s
)2
+ 2µ23v
2
)
,
m2s0
2
=
1
2
(
m2η +m
2
s +
√(
m2η −m2s
)2
+ 2µ23v
2
)
, (6)
where m2s = µ
2
s + λsφv
2
φ/2+ λsσv
2
σ/2 and m
2
η = µ
2
η + (λφφ + ληφ) v
2
φ/2+ λσηv
2
σ/2. Finally, the
mass of the charged scalar η± is given by
m2η± = µ
2
η + λφφ
v2
2
+ λση
v2σ
2
. (7)
In Table II, we show an examples for the parameter set which satisfies current experimen-
tal bounds such as neutrino oscillation, µ → eγ constraint, relic abundance of dark matter
and dark matter direct detection [1]. We define MR as a common mass of two νRi (i = 1, 2).
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III. PHYSICS AT THE LHC
We first consider testability of the model at the LHC. We discuss physics of Higgs bosons
(h0 and H0), the U(1)B−L gauge boson Z’, and the right-handed neutrinos νR.
A. Detectability of h and H
Our model predicts two SM-like CP-even Higgs bosons h0 and H0 because a large mixing
angle between h0 and H0 is required to be consistent with the dark matter abundance [1].
In the SM, the Higgs boson mass except for the small region between 122.5 GeV and
127 GeV has already been excluded by the recent LHC results [26, 27]. However, in our
model, we can read off from the SM Higgs boson search results that wider regions for m
h0
and mH0 remain allowed; i.e., between 110 GeV and 130 GeV, because production cross
sections for h0 and H0 are reduced by the factor with maximal mixing (1/2) from the SM
predictions.
When more data will be accumulated at the LHC, the allowed region will be smaller.
Then, only the case with approximately degenerated masses may be allowed, where the two
resonances are overlapped and look like one resonance of only one SM Higgs boson depending
on the resolution of detectors. If the mass difference is larger than about 1 GeV, the two
resonances can be separated at the LHC [26, 27]. Even if the mass difference is smaller,
they could be separated at the ILC where the mass can be reconstructed with much better
accuracy with the error of ∆m ∼ 50 MeV [28].
B. Detectability of Z’
Detectability of the U(1)B−L gauge boson Z’ at the LHC has been studied in several
papers [29, 32, 33]. The most efficient process of production of the Z’ at the LHC is the
Drell-Yan mode qq → Z ′ where q is a quark in the proton [29, 32, 33]. The Z’ boson dose
not mix with the SM Z boson at the tree level. Therefore, branching ratios of the Z’ boson
decay are proportional to U(1)B−L charges of daughter particles. The qq → Z ′ → µ−µ+
process is useful to detect the Z’ at the LHC. By using this process, the Z’ boson can be
detected at the 3 σ Confidence Level (C.L.) for mZ′ . 4 TeV with U(1)B−L gauge coupling
constant gB−L ≃ 0.1 at the LHC with
√
s = 14 TeV and 100 fb−1 [29]. Essentially, the Z’
boson can be distinguished from the other gauge bosons by checking the ratio of Z ′ → µ−µ+
to Z ′ → bb.
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FIG. 1: Feynman diagrams for the signal process of the dark matter.
C. Detectability of right-handed neutrino
The right-handed neutrinos would be produced via the decay of the Z’ at the LHC:
qq → Z ′ → νRνR. (8)
In our model, if the decay of right-handed neutrinos into the dark matter and a SM singlet
scalar s01 is kinematically forbidden, the possible decay of the right-handed neutrinos is
νR → ℓ±W∓. In this case, detectability of the right-handed neutrinos at the LHC has been
studied in the simplest U(1)B−L model in Refs. [29, 32]. For example, the right-handed
neutrinos can be detected at 26.3 σ C.L. with MR = 200 GeV, mZ′ = 1.5 TeV and gB−L =
0.2 at the LHC with
√
s = 14 TeV and 100 fb−1 [29].
IV. PHYSICS AT THE ILC
We here consider testability of our radiative type-I seesaw model at the ILC. It is difficult
to detect signals of the model at the LHC if the U(1)B−L gauge boson Z’ is too heavy to be
produced. Even for the case, the ILC can test the dark matter, right-handed neutrinos and
the scalar sector.
A. Detectability of dark matter
In our model, the mass of the dark matter is about a half of the SM-like Higgs boson
mass (m
h0
/2 or m
H0
/2) to satisfy the WMAP data. The dark matter directly couples to
charged leptons. We concentrate on the process e+e− → e+Ψ1η− → e+µ−Ψ1Ψ1 , where η−
is an on-shell state, depicted in Fig. 1. The dark matter can be detected as missing particles
by using the energy momentum conservation for the process.
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We assume
√
s = 350 GeV and
√
s = 500 GeV at the ILC. The outgoing electron
tends to be emitted to forward and backward directions because this is a t-channel process.
Therefore, the detectability of the leptons near the beam line is important. We assume that
detectable regions of the scatter angle (θℓ) of the emitted lepton are given for
√
s = 350 GeV
and
√
s = 500 GeV by | cos(θℓ)| < 0.99955 and | cos(θℓ)| < 0.9998, respectively [37].
The background processes are charged lepton flavor changing ones with missing momenta
such as e+e− → e+W−νe → e+µ−νeνµ. In order to increase signal significance, we impose
kinematical cuts for the case with
√
s = 350 GeV as follows:
0.96 < | cos(θℓ)| < 0.99955, cos(θeµ) < 0. Meµ < 80 GeV,
Ee < 30 GeV, Eµ > 100 GeV, 120 GeV < Mmiss < 190 GeV, (9)
where θeµ,Meµ, Eℓ and Mmiss are the angle between electron and muon, invariant mass of
electron and muon, energy of ℓ and missing invariant mass, respectively. The following cuts
are imposed for the case with
√
s = 500 GeV:
0.98 < | cos(θe)| < 0.9998, | cos(θµ)| < 0.8, | cos(θeµ)| < 0.8
Ee < 120 GeV, Eµ > 80 GeV, Mmiss > 120 GeV. (10)
We show the detectability of the dark matter after applying all cuts for
√
s = 350 GeV
and
√
s = 500 GeV in left and right panels of Fig. 2, respectively. The vertical axis is the
cross section and the horizontal axis is the dark matter mass. All parameters but MΨ1 are
set to the values in Table II. The red (solid) line and the green (dashed) line represent signal
and background cross sections, respectively. The blue (dotted) line means the cross section
for which the signal significance (NS/
√
NB where NS and NB are number of events for signal
and backgrounds) is 3 with 1 ab−1. The left panel of Fig. 2 show that the dark matter can
be detected at the ILC with
√
s = 350 GeV and 1 ab−1 for MΨ1 . 64 GeV at 3σ C.L. In
the right panel of Fig. 2, we find that the dark matter can be detected for MΨ1 . 80 GeV
at the ILC with
√
s = 500 GeV and 1 ab−1 at more than 3σ C.L.
The cross section of the signal process depends on the mass of η±. In left and right panels
of Fig. 3, we show the dependence of the signal cross section on mη± after applying all cuts
for
√
s = 350 GeV and
√
s = 500 GeV, respectively. Parameters but m
η±
are set on the
values in Table II. Meanings of all of lines the same as those in Fig. 2. The dark matter
would be detected at the ILC with
√
s = 350 GeV and
√
s = 500 GeV for m
η±
. 280 GeV
and m
η±
. 380 GeV, respectively.
If the decay of the SM-like Higgs bosons into the dark matter is kinematically allowed,
its branching ratios are O(1)%. In this case, dark matter would be detected at the ILC
with
√
s = 350 GeV [35]. Furthermore, direct detection experiments of dark matter are
8
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FIG. 2: The cross section of signal of the dark matter at the ILC with
√
s = 350 GeV (left) and
√
s = 500 GeV (right). The red (solid) line and the green (dashed) lines are signal and background
cross section, respectively. The blue (dotted) line means the limit that the signal significance
NS/
√
NB = 3 with 1 ab
−1.
very important for our model. Since the annihilation cross section of Ψ1 is proportional
to v−2σ , the dark matter abundance becomes inconsistent with the WMAP data [9] if vσ &
16 TeV. Therefore, the spin independent scattering cross section between dark matter and
neutron via Z ′ boson is more than 2×10−47 cm−2 , and this signal could be detected at the
XENON1T [36]. If dark matter mass measured at direct detection experiments is consistent
with mΨ1 measured at the ILC, the Ψ1 would be identified as dark matter. In this case,
the lepton flavor changing process of e+e− → e+Ψ1η− → e+µ−Ψ1Ψ1 indicates that the dark
matter is directly coupled to charged leptons. Moreover, if we utilize the beam polarization,
it could be checked that the dark matter only couples with left-handed leptons. That kind
of the dark matter would contribute to neutrino mass generation mechanism.
Notice that e+e− → e+Ψ1η− → e+τ−Ψ1Ψ1 process would be also useful to detect the dark
matter because the fµ1 coupling constant is constrained by µ → eγ while the fτ1 coupling
constant is not strictly constrained. Therefore, the cross section for the τ mode tends to be
larger than the one for the µ mode. If the dark matter can be detected in both µ and τ
modes, we test the ratio between fµ1 and fτ1.
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FIG. 3: The dependence of the signal cross section on mass of the η± at the ILC with
√
s = 350 GeV
(left) and
√
s = 500 GeV (right). Meanings of all of lines are the same as those in Fig. 2.
B. Detectability of right-handed neutrinos
Next, we consider detectability of right-handed neutrinos at the ILC. In our model,
neutrino Dirac Yukawa and SM gauge coupling constants of right-handed neutrinos are not
large. However, right-handed neutrinos couple to U(1)DM charged particles such as Ψ2 with
sizable coupling constants of O(0.1). In this case, right-handed neutrinos can be produced
via Ψ2. We concentrate on the process, e
+e− → Ψ1Ψ2 → Ψ1νRs01 → Ψ1W−ℓ+s01 where ℓ is
electron and muon, depicted in Fig. 4. We use the two-jet mode of the W boson decay while
s01 decays invisibly into Ψ1 and left-handed neutrinos.
In our choice of the parameters of the model, the center of mass energy around 1 TeV is
necessary to produce Ψ2 at the ILC. We here consider the case with
√
s = 1 TeV for right-
handed neutrino detection via Ψ2 → s01νR. Main background process is e+e− → W−ℓ+νiγ
with photon missing events. We impose the following kinematical cuts in order to increase
signal significance:
| cos(θℓ)| < 0.95, 200 GeV < Mmiss < 600 GeV,
0.9999416 < | cos(θγ)|,
240 GeV < MWℓ < 260 GeV, Eℓ < 300 GeV,
300 GeV < EWℓ < 600 GeV, (11)
where θx represent the scattering angle of the particle x, and Ewℓ and Mwℓ are the energy
and the invariant mass between the W boson and ℓ, respectively.
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FIG. 4: Feynman diagram of the signal process of right-handed neutrinos.
In Fig. 5, we show the detectability of right-handed neutrinos after applying all cuts.
The horizontal axis is
√
fe1fe2 and the other parameters are set on values in Table II. The
red (solid) line and the green (dashed) line are signal and background cross section times
BR(W → jj), respectively. Cross sections for which the signal significance (NS/
√
NB)
becomes 3 are presented with the blue (dotted) line for 1 ab−1 and the magenta (dash-
dotted) line for 3 ab−1. In Fig. 5, we find that right-handed neutrinos can be detected at the
3σ C.L. at the ILC with
√
s = 1 TeV and 3 ab−1 in our parameter set. If MR > MΨ1 +ms0
1
,
right-handed neutrinos can decay into U(1)DM charged particles. In this case, νR → Ψ1s01 is
the main decay mode of right-handed neutrinos. Therefore most of right-handed neutrinos
decay into U(1)DM charged particles invisibly, and it is difficult to detect right-handed
neutrinos.
C. Scalar sector
Two SM-like CP-even Higgs bosons (h0 and H0) with the large mixing are predicted in
our model. If the 125 GeV boson discovered at the LHC is identified to the SM-like Higgs
boson, it means that both of masses of h0 and H0 are close to this signal mass in our model.
The energy resolution for the Higgs boson is expected to be better than about 50 MeV at
the ILC [28]. Therefore, two CP-even Higgs bosons would be separated at the ILC. Notice
that there is no CP-odd scalar boson without U(1)DM charge in this model. On the other
hand, charged scalar bosons η± dominantly decay into left-handed charged lepton and dark
matter. This decay process is similar to slepton decay in super symmetric models. If η± are
produced in pair at TeV-scale colliders, mη± would be reconstructed using the maximum
MT2 value [38] or lepton energy distribution [39].
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FIG. 5: Right-handed neutrino detectability at the
√
s = 1 TeV ILC. The red (solid) line and the
green (dashed) line are signal and background cross section times BR(W → jj). The blue (dotted)
and magenta (dash-dotted) lines mean the limit that the signal significance (NS/
√
NB) are three
with 1 ab−1 and 3 ab−1, respectively.
V. CONCLUSIONS
We have investigated testability of the TeV-scale radiative type-I seesaw model at TeV-
scale colliders, which explains tiny neutrino masses, the fermionic dark matter mass and
the stability of the dark matter by introducing the U(1)B−L gauge symmetry. We have
found that the dark matter could be detected with the mass up to about 64 GeV with the
integrated luminosity 1 ab−1 at the ILC with
√
s = 350 GeV. The allowed region of the
dark matter mass would be probed at the ILC with
√
s = 500 GeV. Since the value of vσ is
less than about 16 TeV for consistency with the WMAP data, dark matter direct detection
experiments also could cover this region. Right-handed neutrinos could be discovered at
the ILC with
√
s = 1 TeV and 1 ab−1 if the invisible decay νR → Ψ1s01 is kinematically
forbidden. Therefore, the model has sufficient possibilities to be distinguished from the
other models by combination with dark matter search experiments and TeV-scale colliders
such as the LHC and the ILC.
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